Abstract Bile acids (BAs) are cholesterol metabolites with important biological functions. They undergo extensive hostgut microbial co-metabolisms during the enterohepatic circulation, creating a vast structural diversity and resulting in great challenges to separate and detect them. Based on the bioanalytical reports in the past decade, this work developed three chromatographic gradient methods to separate a total of 48 BA standards on an ethylene-bridged hybrid (BEH) C18 column and high-strength silica (HSS) T3 column and accordingly unraveled the factors affecting the separation and detection of them by liquid chromatography coupled with mass spectrometry (LC-MS). It was shown that both the acidity and ammonium levels in mobile phases reduced the electrospray ionization (ESI) of BAs as anions of [M−H] − , especially for those unconjugated ones without 12-hydroxylation. It was also found that the retention of taurine conjugates on the BEH C18 column was sensitive to the strength of formic acid and ammonium in mobile phases. By using the volatile buffers with an equivalent ammonium level as mobile phases, we comprehensively demonstrated the effects of the elution pH value on the retention behaviors of BAs on both the BEH C18 column and HSS T3 column. Based on the retention data acquired on a C18 column, we presented the ionization constants (pK a ) of various BAs with the widest coverage beyond those of previous reports. When we made attempts to establish the structure-retention relationships (SRRs) of BAs, the lack of discriminative structural descriptors for BA stereoisomers emerged as the bottleneck problem. The methods and results presented in this work are especially useful for the development of reliable, sensitive, highthroughput, and robust LC-MS bioanalytical protocols for the quantitative metabolomic studies.
Introduction
Human bile acids (BAs) are C24 molecules comprised of a C19 cyclopentanophenanthrene (steroid) nucleus and a carboxylate side chain. They are cholesterol metabolites undergoing extensive enterohepatic circulation driven by a series of host-gut microbial metabolism and transport mechanisms [1] [2] [3] . During exchanges between the host and gut microbiota, BAs act on both of them and play multiple biological roles [4] [5] [6] [7] [8] [9] [10] . The metabolomic profile of BAs therefore manifests a footprint of host-gut microbial interactions that are closely associated with health and diseases. However, the highly Electronic supplementary material The online version of this article (doi:10.1007/s00216-017-0489-1) contains supplementary material, which is available to authorized users. interactive disposition of BAs by the host and gut microbiota produces a vast structural diversity (Fig. 1 , Electronic Supplementary Material (ESM), Table S1 ) associated with (1) A/B ring fusion stereochemistry (trans/5α-H or cis/5β-H); (2) sites of hydroxylation at C3, C6, C7, and/or C12; (3) dehydrogenation and epimerization of the hydroxyl groups; and (4) conjugation of glycine or taurine at the C24-carboxyl group and/or conjugation of glucuronide or sulfate at hydroxyl/C24-carboxyl groups [11] . It is challenging to separate and detect such a great deal of BAs in biological samples with such a small structural difference but disparate physicochemical properties.
Liquid chromatography coupled with mass spectrometry (LC-MS) is currently prevailing in BA analysis [12] . In a typical LC-MS method, BAs are separated by reverse chromatography, ionized by the negative electrospray ionization (ESI − ), and detected by multiple reaction monitoring (MRM). Owing to the occurrence of a lot of isomers and stereoisomers, it is difficult to differentiate them with current tandem mass spectrometric techniques. A pseudo-MRM method, which employs the same product ion as the parent ion under an optimized collision energy, has to be employed for the unconjugated isomers and stereoisomers, such as m/z 375 > 375 for LCA/isoLCA, m/z 391 > 391 for chenodeoxycholic acid (CDCA)/ursodeoxycholic acid (UDCA)/β-ursodeoxycholic acid (βUDCA)/hyodeoxycholic acid (HDCA)/βHDCA/ murocholic acid (muroCA), and m/z 407 > 407 for hyocholic acid (HCA)/α-muricholic acid (αMCA)/β-muricholic acid (βMCA)/ω-muricholic acid (ωMCA). All these unconjugated BAs have no 12-hydroxyl group. They fragmented merely via dehydration and dehydrogenation and exhibited none discriminative fragments regardless of sites and epimerization of the hydroxyl groups on the skeleton [13] . We have characterized a distinctive fragmentation mechanism for the 12-hydroxylated unconjugated ones, such as deoxycholic acid (DCA) and cholic acid (CA). The 12-hydroxyl group induces the rotation of the carboxylate side chain and the proton transfer between the 12-hydroxyl group and 24-carboxyl group. The subsequent dissociation routes enable the discrimination of 12-hydroxylated ones from the others with a MRM method [13] . For the conjugated BAs, such as glycine conjugates and taurine conjugates, the dissociations of the steroid nucleus have been obscured by the signals derived from a cleavage of the amide side chain [13] . As a result, isomers and stereoisomers of conjugated BAs may also not be discriminated by a MRM method. In summary, the discrimination of the unknown BAs from the known ones relies heavily on the separation power and the robustness of chromatography. It is crucial to disclose the fundamental factors affecting the separation and detection of them and accordingly establish structureretention relationships (SRRs).
ESM, Table S2 summarizes the published chromatographic methods for BA separation in the past decade. At the side of stationary phases, the reverse C18 columns were utilized in the majority of reports. The high-strength silica (HSS) T3 columns were employed in several reports and only two reports utilized a reverse C8 column. The situation became much more complicated at the side of mobile phases. Some reports only used formic acid (HCOOH) in aqueous phase and/or organic phase. A few others used ammonium acetate (CH 3 COONH 4 ), but the pH value of mobile phases varied from 4.0 to 9.0. It is not completely clear how the additives and pH value of mobile phases affect the separation and detection of BAs on a specific stationary phase. Therefore, the first aim of this study was to disclose the factors that have potential impacts on the separation and detection of BAs by LC-MS. By using the collected data, the second aim of this work was to highlight the challenges for understanding the fundamental relationship between the structure and physicochemical property of BAs, which will play a pivotal role in the characterization and identification of the unknown BAs detected in human and animals.
Material and methods

Chemicals and reagents
Forty-eight BA reference standards were purchased from Steraloids (Newport, RI, USA), TRC (Toronto, Canada), or Sigma-Aldrich (St. Louis, MO, USA). The authentic standard of 3β-ursocholic acid (βUCA) was kindly gifted from Prof. Dr. Takashi Iida (Nihon University). The name, chromatographic peak label, CAS, m/z of [M−H] − , and retention data of them were summarized in Table 1 . The LC-MS grade methanol (MeOH), acetonitrile (ACN), isopropanol alcohol (IPA), Fig. 1 Chemical structure of C24 bile acids. The mostly known structural diversity appears at (1) A/B ring fusion stereochemistry (trans/5α-H or cis/5β-H); (2) sites of hydroxylation at C3, C6, C7, and/ or C12; (3) dehydrogenation and epimerization of the hydroxyl groups; and (4) conjugation of glycine or taurine at the C24-carboxyl group and/ or conjugation of glucuronide or sulfate at hydroxyl/C24-carboxyl groups Louis, MO, USA). Ultra-pure water was obtained by using a Milli-Q system (Millipore, Bedford, USA). The 5 mM stock solutions of each BA standard were individually prepared in methanol. The individual standard samples and the mixed standard samples were prepared at 5 μM by diluting the stock solutions with water/acetonitrile (50:50, v/v).
Preparation of volatile buffers
According to our previous protocols [14] , the volatile buffers used as mobile phases were prepared with SevenExcellence S400 pH/mV meters (Mettler Toledo, Columbus, OH, USA) under magnetic stirring. The buffers at pH 2.5, 3.0, 3.5, and 4.0 were prepared using 2 mM HCOONH 4 and formic acid solutions; the buffers at pH 4.5, 5.0, and 5.5 were prepared using 2 mM CH 3 COONH 4 and acetic acid solutions; the buffers at pH 6.0, 6.5, 7.0, and 7.5 were prepared using 2 mM NH 4 HCO 3 and ammonium solutions; and the buffer at pH 8.5 was prepared using 2 mM CH 3 COONH 4 and ammonium solutions. The buffers with different ammonium strengths were prepared by similar methods. All buffers were freshly prepared previously to be used as mobile phases.
Chromatography
The chromatographic separation was performed on a Waters Acquity I Class UPLC system (Waters, Milford, MA, USA). The ethylene-bridged hybrid (BEH) C18 column and the HSS T3 column were comparatively used in this work. Three chromatographic methods (gradients I, II, and III) derived from or optimized from our previous studies were employed in this work [13, 15] . The gradients of the three methods are summarized and illustrated in ESM, Fig. S1 . The individual standard sample was injected to acquire a basic retention behavior of each analyte under each method. The mixed standard samples were injected during method optimization and switching of mobile phases. The system was equilibrated for at least 30 min after switching mobile phases, and at least five injections of the mixed standard sample were repeatedly analyzed thereafter. The first two injections were used to confirm the equilibrium of the system, and the other three injections were used to record the retention behaviors. The injection volume was 5 μL. 
Mass spectrometry
The tandem mass spectrometric analysis was performed on a Xevo G2S Q-TOFMS via an ESI interface (Waters, Milford, MA, USA) operated at negative mode. The capillary voltage was 3.0 kV. The source and desolvation temperature was 150 and 550°C, respectively. Nitrogen and argon were used as cone and collision gases, respectively. The cone gas flow and desolvation gas flow was respectively set at 50 . The collision energy (CE) was set at 15 V for unconjugated BAs and glycine conjugates and at 35 V for taurine conjugates, sulfates, and glucuronides. Leucine enkephalin was infused via the reference probe as lockspray at both negative and positive modes to ensure m/z accuracy.
Data processing
The raw data was processed by MassLynx (V4.1; Waters, Milford, MA, USA). The ion chromatogram of BAs was acquired by extracting m/z data at the pseudo-MRM transition Table 1 . Peak integration was carried out under automatic noise measurement and smoothing (mean method, twice at the window size of ±1 scan). The reported retention time (t R ), peak height, and peak area were the mean data from triplicate analysis with analytic precision (standard deviation) illustrated as an error bar in the corresponding figures. Capability factor (k′) was calculated according to Eq. (1), where t R was the retention time of a BA under a specific gradient and t 0 was the dead time of the system. Since most of the BAs are monobasic acids, nonlinear curve fitting according to Eq. (2) [16] was carried out by OriginPro 9.0 (OriginLab, Northampton, MA, USA) for the dataset of k′ and pH value of the aqueous phases to simulate the ionization constant (pK a ) data of them.
Results and discussions
Chromatographic developments
Three basic chromatographic methods were employed into this work. The 20-min gradient I on an Acquity BEH C18 column (1.7 μm, 100 mm × 2.1 mm) has been used in our previous works for disclosing the negative fragmentation behaviors of BAs [13] . The 14-min gradient II with an extraordinary gradient program was particularly optimized to separate the unconjugated BAs on the same column. Figure 2 illustrates the key intermediate gradient programs and the corresponding retention time of unconjugated BAs during gradient optimization. It highlights the challenges to separate some isomers of unconjugated BAs, especially for the trihydroxyl ones, such as ωMCA and 3β-cholic acid (βCA) that were coeluted under gradient I with a longer run time. The 25-min gradient III was developed on an Acquity HSS T3 column (1.8 μm, 100 mm × 2.1 mm) for the better retention of the polar BA species. All the three methods were optimized with the principle goal of achieving accepted resolution with the least run time. The three chromatographic methods have been validated to be reproducible on batches of the same type of column by two individual labs located at the USA and China. The retention time of various BAs on the three chromatographic methods and the corresponding percentage of organic phase at their retention time are listed in Table 1 .
Formic acid in mobile phases
Figure 3a comparatively illustrated the chromatographic retention data of 32 BAs when formic acid was modified in mobile phases of gradient I. The chromatographic behavior was unacceptable when formic acid was deprived from both phases. When formic acid was deprived from either phase, the retention time of unconjugated BAs and glycine conjugates remained unchanged, but that of taurine conjugates increased. A similar phenomenon was observed when 0.1 or 0.01% formic acid was added only in the aqueous phase. The retention time of taurine conjugates significantly increased with the decreased acidity while that of glycine conjugates and unconjugates remained stable.
The different effects of acidity on the retention of the three panels of BAs were associated with their pK a value. The unconjugated BAs and glycine conjugates usually have a pK a value of 5~6 and 4~5 [4] , respectively. The majority of them remained unionized in 0.01~0.1% HCOOH (pH 2.7~3.3), which explained the stabilities of their retention time under these conditions. In contrast, most of taurine conjugates were dissociated in the mobile phase because their pK a value is less than 2.0 [4] . Therefore, in association with acidity of mobile phases, there are some other mechanisms that affect the retention behaviors of the ionized taurine conjugates on a C18 column. It was demonstrated that the octanol/water partition coefficients of ionized BAs increased with Na + concentration [17] and the capacity factors of the fully ionized BAs increased with increasing ionic strength [18] . As a trace of Na + occurs in the LC-MS system, it was proposed that the enhanced retention of taurine conjugates be ascribed to the formation of Na + complexes of BA anions under low acidity. Figure 3b comparatively illustrates the peak height data of 32 BAs when formic acid was modified in mobile phases of gradient I. The ESI efficacies of BAs were significantly inhibited by the acidity of mobile phases. The removal of formic acid in either phase enhanced the responses of all BAs. When formic acid was added only in the aqueous phase, a low acidity (0.01%) significantly increased the responses of all BAs compared with a high acidity (0.1%). Those BAs with the most enhanced intensities were the unconjugated BAs without 12-hydroxylation, such as LCA, CDCA, HDCA, UDCA, βUDCA, HCA, muroCA, ωMCA, βMCA, and αMCA. In association with our recent negative-ion fragmentation studies [19] , the phenomenon might be associated with the lack of 12-hydroxyl group of these BAs. Without an intra- molecular hydrogen bond between the 12-hydroxyl group and 24-carboxylate, the negative charge of these BAs was unstable and more sensitive to ionization suppression by additives in the mobile phases. The above observations indicated that an appropriate acidification of mobile phases facilitates the separation of BAs on the reverse column, but a high acidity would significantly inhibit the negative ionization of them, especially the unconjugated BAs without 12-hydroxylation.
Ammonium in mobile phase
Ammonium salts are widely used volatile additives compatible with LC-MS analysis. The effects of ammonium on ESI efficacies of BAs have been preliminarily demonstrated while the factors derived from the pH value of infusion vehicles were not analyzed [20] . Therefore, we firstly investigated the effects of ammonium on the separation and detection of unconjugated BAs based on gradient II by switching the aqueous phase to 0.008, 0.01, and 0.012% HCOOH and pH 3.5, 4.0, and 4.5 HCOONH 4 buffers (2 mM), respectively. The pH value of 0.008% HCOOH had an approximately equivalent pH value to the pH 3.5 HCOONH 4 buffer. Figure 5 shows the typical ion chromatograms of unconjugated BAs eluted under the tested conditions. The retention time of unconjugated ones did not vary while switching the aqueous phases. However, as indicated by the peak area data, the ionization of them as [M −H] − was significantly inhibited by ammonium in the mobile phases (Fig. 4) . The effects of ammonium on the separation and detection of conjugated BAs were similarly investigated based on gradient II. As shown in ESM, Fig. S2, 
the ESIs of conjugated BAs as [M−H]
− were also inhibited by the ammonium in the mobile phases. In addition, the retention time of those eluted by a pH 3.5 HCOONH 4 buffer was much shorter than that of those eluted by 0.01% HCOOH despite that the two aqueous phases had an equivalent pH value. The retention variations of taurine conjugates were more significant than those of glycine conjugates. We therefore additionally investigated the effects of ammonium concentrations on the separation of conjugated BAs based on gradient I. ESM, Fig. S3 shows the ion chromatograms acquired by using the pH 3.5 buffers prepared from 0.2, 2.0, and 20 mM ammonium formate, respectively. The results were consistent with a previous finding that ammonium attenuates the retention of conjugated BAs. The phenomenon might also be associated with the inhibition of Na 
pH of mobile phase
The above results clearly presented that both the acidities and the ammonium in mobile phases have a significant impact on the separation and detection of BAs by LC-MS. Therefore, the affecting factor derived from ammonium has to be well controlled while investigating the effects of pH value of aqueous phases on chromatographic retention of BAs. Therefore, the aqueous phases at various pH values were prepared in parallel based on 2 mM volatile buffers. The tests for unconjugated BAs and conjugated BAs were carried out based on gradient II and gradient I, respectively. As illustrated in Figs. 5 and 6, the chromatographic retention of both unconjugated and conjugated BAs decreased with an increasing pH value of mobile phase. As a result, the resolution of some unconjugated isomers greatly decreased, especially for the trihydroxyl and dihydroxyl unconjugated BAs, such as ωMCA/βCA, muroCA/βUDCA, and UDCA/HDCA. As shown in Fig. 7 , the retention variations of three panels of BAs with the pH value of mobile phases were different. The retentions of unconjugated BAs varied the most within pH 4.0-6.0, the retentions of glycine conjugates varied the most within pH 3.5-6.5, and the retentions of taurine conjugates remained at limited variation within pH 2.5-6.5. Fig. 3 Effects of formic acid in mobile phases on the chromatographic retention (a) and negative ionization (b) of BAs. All tests were performed by using gradient I. The ionization efficacy was indicated by peak heights. The peak height data of those BAs detected in the same channel but not fully separated was not available, such as the data of ωMCA/βCA and some data of TUDCA/THDCA
Stationary phase
The BEH C18 column and HSS T3 column were the two most frequently stationary phases used for BA analysis in the past decade. In order to compare the retention behaviors of BAs on the two columns, we additionally investigated the effects of the pH value of aqueous phases on chromatographic retention of BAs under gradient III using a HSS T3 column. Several differences in the retention behaviors of BAs were observed on the two columns (Fig. 7) . Firstly, the retention variations of polar BAs with elution pH were more significant on the HSS T3 column than those on the BEH C18 column, especially for taurine-conjugated ones, the most polar panel of BAs. Secondly, CDCA-3G and CDCA-24G, another two polar BA metabolites, were not separated on the BEH C18 column but separated on the HSS T3 column in the acidic mobile phases with a pH value less than 4.0. Finally, CA was more retained than ACA on the BEH C18 column, while ACA was more retained than CA on the HSS T3 column. These observations indicated that the separation mechanisms on the HSS T3 column involve more mechanism beyond the classic partition theories and possibly associated with the specific pore structure. The ligand density, carbon load, and surface area are 3.1 and 1.6 μmol/m 3 , 18 and 11%, and 185 and 230 m 2 /g for BEH C18 particles and HSS T3 particles, respectively. Compared to the other silica-based materials, the analytes may more readily access the pore structure of HSS T3 particles with the lower carbon load, providing more retention of polar molecules. The proposed mechanism explained, to some extent, the different relative retentions of CA/ACA and CDCA-3G/CDCA-24G on the HSS T3 column compared to the BEH C18 column. 5 Ion chromatograms of unconjugated BAs on an Acquity BEH C18 column eluted by gradient II with various buffers (from bottom to top: 0.01% formic acid, 2 mM ammonium formate at pH 3.5, 2 mM ammonium acetate at pH 4.5, 2 mM ammonium acetate at pH 5.5, 2 mM ammonium bicarbonate at pH 6.5, and 2 mM ammonium bicarbonate at pH 7.5) and acetonitrile as the aqueous phase and the organic phase, respectively Fig. 4 Effects of ammonium in mobile phases on the negative ionization of unconjugated BAs. All tests were performed under gradient II by switching the aqueous phases to 0.008% formic acid, 0.01% formic acid, and 0.012% formic acid and the ammonium formate buffers (2 mM) at pH 3.5, 4.0, and 4.5. The ionization efficacy was indicated by peak areas
Ionization constants of BAs
According to the relationships between capacity factors and the pH of the mobile phase [16, 21] , we may simultaneously determine the pK a of various BAs. This method requires only a small quantity of compounds and is particularly useful for simulating the pK a data necessary for the optimization of chromatographic separations. Similar works including limited species of BAs were published in the last century [17, 18, 22] . Because the separation mechanisms on the HSS T3 column are beyond the classic partition theories, the data acquired on the BEH C18 column other than the HSS T3 column was suitable for this purpose according to the fundamental of Eq. (2) [16] . Figure 8 illustrates the nonlinear curve fitting for the majority of BAs except for the taurine conjugates, CDCA-3G and LCA-3S. Simulation for taurine conjugates was not obtained because it is difficult to prepare the volatile buffers with pH <2.0, and the pK a of taurine conjugates was less than 2.0. Simulation for CDCA-3G and LCA-3S was not performed because they are not monobasic acids. The simulated pK a values are listed in Table 2 . Ion chromatograms of conjugated BAs on an Acquity BEH C18 column eluted by gradient I with various buffers (from bottom to top: 2 mM ammonium formate at pH 3.5, 2 mM ammonium acetate at pH 4.5, 2 mM ammonium acetate at pH 5.5, and 2 mM ammonium bicarbonate at pH 6.5) and acetonitrile as the aqueous phase and the organic phase, respectively
The pK a data obtained in this work was a little different from the data acquired from the potentiometric methods [4] . The major reason for this difference was the presence of organic solvents in mobile phases. It has been shown that the effect of organic solvents, such as methanol [23, 24] , acetonitrile [25] , and tetrahydrofuran [26] , on dissociation constants manifests markedly only at relatively high levels above about 80%. An increase of the pK a values was found in the range of 1.5-2.0 pK units with an increasing concentration of ACN up to 80% [27] , and similar values were found for IPA [28] . In this regard, one should bear in mind that the more the pK a data listed in Table 2 was deviated from those obtained by the potentiometric method when the analyte was more retained on the C18 column according to the data present in Table 1 .
Challenge for structure-retention relationship studies
The SRR is of importance not only for retention prediction and analyte identification but also for evaluation of informative descriptors related to the physicochemical and biological properties [29, 30] . However, the SRR studies of BAs were still limited in some major species without consideration of stereochemistry [17, 31, 32] . Our previous work has compared the retention time of 15 pairs of BA stereoisomers under the 20-min gradient I on a BEH C18 column [13] . It was shown that BAs containing a β-hydroxyl group generally had shorter retention time than the corresponding isomer with an α-hydroxyl group except for αMCA and βMCA and their taurine conjugates. LogP is one of the most important structural descriptors to develop SRRs for the reverse liquid chromatography [29, 30] . We collected the predicted LogP data from various sources (ESM , Table S1 ), including XLogP3 (PubChem), ALogPS and ChemAxon-LogP (HMDB), ACD/LogDpH5.5 (ChemSpider), and LogP and CLogP (ChemBioDraw14). Unfortunately, all the algorithms are unable to differentiate the stereoisomers. The same situation appeared for the other structural descriptors, such as polar surface area, as well as in a recent quantitative SRR study including only one pair of stereoisomers (CDCA and UDCA) [32] .
Owing to the lacking of discriminative structural descriptors, there are currently no effective methods to develop the quantitative SRRs of various BAs including the stereoisomers. In a simple manner, the correlation between the LogP and retention time (t R ) was evaluated for those BAs with the cis A/B ring juncture (5β) and α-hydroxyl groups. The results for a total of 35 analytes are shown in Fig. 9 . It was demonstrated that XLogP3 and CLogP exhibited the best linear correlation (r > 0.85) for them. Although the SRR studies of BA stereoisomers are still challenging, the visual analysis of the retention data of BA stereoisomers and their 3D structures proposed that the mechanism be associated with structural variations that potentially disturb the unique amphipathic conformation of BAs. Anyway, the SRR studies of BAs are in urgent need of the structural descriptor algorism with capability of differentiating stereoisomers.
Conclusion
In summary, this work developed three chromatographic gradients to disclose the miscellaneous factors affecting the separation and detection of BAs by liquid chromatography coupled with mass spectrometry. The effects of pH value and ammonium levels of mobile phases on the retention behaviors and the negative electrospray ionization of various kinds of BAs were comprehensively demonstrated. Based on the retention data acquired on a C18 column, the ionization constants (pK a ) of BAs with the widest coverage beyond previous reports have been presented. Based on our findings, a weak acidic mobile phase (pH 3-4) without ammonium was specially recommended for a sensitive method that aims to separate and detect unconjugated BAs. A weak acidic buffer (about pH 3) or a weak basic buffer (pH 8-9), whose pH value is well controlled by volatile salts and far enough from the pK a values of both unconjugated and conjugated BAs (1.5-2.0 pK units), will, to some extent, sacrifice sensitivity but increase reproducibility while separating various kinds of BAs. The methods and results in this work are especially useful for the developments of reliable, sensitive, high-throughput, and robust LC-MS bioanalytical protocols for the quantitative metabolomic studies of BAs.
